I. INTRODUCTION

I
N the last few years, an ever-increasing effort has been made to improve the characteristics of antennas for mobile telephones. A requirement is to develop antennas of smaller dimensions without significant reduction of performance. There is, therefore, a great interest at the present time in the relatively shorter helical antennas that can reduce considerably the length of the antenna, while providing radiation characteristics that are comparable to longer monopole antennas. For mobile telephones these antennas function in the so-called "normal mode," i.e., the maximum radiation is in a plane normal to the orientation of the antenna. Such a radiating mode has been studied in the literature [1] . It has been shown that for situations where the physical dimensions of the antenna (diameter and length) are much smaller than the wavelength, the helix can be approximated by a series of small loops and dipoles having diameter equal to the diameter of the helix and length equal to the pitch of the helix, respectively.
Since it allows inclusion of anatomically based head models, the finite-difference time-domain method (FDTD) [2] - [5] is currently the most used computational methods to calculate the rates of electromagnetic energy absorption [specific absorption rates or (SAR's)] in the human head due to cellular telephones [6] - [9] . The modeling of increasingly popular helical antennas has generally not been addressed in the literature even though it is possible to find alternative approaches that consider the model of thin loops and dipoles [10] .
In this paper, we make use of the observation that the helix is equivalent to a series of loops and dipoles [1] and model it as a set of electric and magnetic sources with relative magnitudes calculated using the analytical expressions of the far fields. Special attention is given to properly place these sources in order to obtain a good agreement with measurements also in the near-field region.
Two typical cellular telephones have been used: one with helix antenna and one with helix-monopole antenna; measurements of the far fields as well as the near fields show the reliability of this approach. These telephones have also been tested against the ANSI/IEEE Safety Guidelines [11] that prescribe a maximum SAR of 1.6 W/kg averaged over any 1 g of tissue. The results given by the FDTD simulations were compared with the measured results obtained by the use of the Utah heterogeneous experimental model. A good agreement between measured and computed SAR's has been found.
II. THE MODELING OF THE HELIX
A small diameter (compared to wavelength) helix antenna working in the normal mode and a series of equivalent loops and dipoles are shown in Fig. 1(a) and (b), respectively. As in [1] , the far field can be calculated, therefore, considering as source only one loop and one dipole. Defining as the characteristic impedance and the propagation constant of the free-space, we can write
where, according to Fig. 1(a) , is the diameter of the helix, is the pitch, and , are the currents passing, respectively, through the dipole and the loop.
Therefore, in the far field we have
because of the continuity of the current . The objective now is to relate the ratio that one obtains from (3) to the sources to prescribe for the FDTD. Referring to Fig. 1(b) where the dipole is placed along the direction with the axis of the loop in the same direction, we can write 0018-926X/98$10.00 © 1998 IEEE an equivalent electric field for a single FDTD cell in lieu of the current in the dipole. Assuming for simplicity equal cell size in the and direction, we can write (4) Furthermore, the magnetic field in the direction related to the current due to a loop in the same grid cell can be expressed by [12] (5) For a single FDTD grid cell we, therefore, have (6) Because the dipole-and loop-equivalent sources need to conform to the FDTD grid size, the respective currents and need to be defined accordingly. These currents need to be related to the currents , produced by the actual dipole and loop. We found that good results are obtained by scaling the dipole current by the ratio of the actual and the modeled dipole lengths and the loop current by the ratio of the actual and the modeled loop perimeters. Defining , and indicating with the cell size in the direction, we can write Equation (6) can, therefore, be rewritten as (9) since .
III. IMPLEMENTATION OF THE FDTD
Before modeling the helix in the actual FDTD code, it has usually been necessary to run a short simulation with the excitation prescribed by (9) to determine whether it is possible to obtain the ratio in the far fields that is given by (3). It has been found that corrections on the order of 10% may be necessary to obtain a better match to the ratio in the far field given by (3). Particularly, in this simulation an electric source and a magnetic source are excited in the same cell in order to simulate the presence of one dipole and one loop with a ratio given by (9) . Furthermore, to take into account the 90 phase difference between and , the two sources should be excited with sinusoidal and cosinusoidal waveforms, respectively.
To better match to the physical dimensions of the helix and obtain a near field closer to the actual one, the helix has been modeled by splitting the excitation with electric and magnetic fields along the , , and directions. Fig. 1 (c) depicts this excitation method for the case where to represent the helix four cells are necessary in the -planes and three cells along the -and -planes. The number of sources in the direction, i.e., along the axis of the helix, should be chosen to match the total length of the helix. In the -plane, instead, the number of source cells should be such as to have an area as close as possible to that of the helix.
As illustrated in Fig. 2 , to split the sources in the -plane, the number of cells that have a common corner is considered. In particular, the relative electric field as calculated by (9) should be divided amongst all the cells in the -plane chosen to represent the helix. If a corner is common to four cells, the value of the electric field in that location is set to be four times the value assumed in a corner belonging to just one cell. Similarly, if a corner is common to two cells, the value of the electric field will be twice the value assumed in a corner belonging to a single cell.
The required magnetic field , instead, is simply divided in equal parts amongst the four cells. This is because the magnetic field is excited in the center of each cell and, therefore, the assigned values should not take into account an "overlap" of excitations. Fig. 2 describes this excitation method for oneplane of the stack of cells used to model the helix.
The excitations thus split (Fig. 2) should be repeated for all the layers along the direction used to simulate the helix. Not knowing the current distribution along this axis, an interesting issue has been how to prescribe the relative magnitudes of the excitations in the axial direction of the helix. To resolve this issue, we started with three assumed distributions in the axial direction, i.e., uniform, and one quarter and one half of a sinusoidal variations of and prescribed for the axial direction. The final current distribution along the direction was obtained using the equation (10) As a result, we found that the effect of weighting along the axis is fairly independent of the shape of the weighting function. A representative example of this is shown in Fig. 3 , where the current distribution as obtained from (10) is given for a helix mounted over a metal box. The telephone and antenna parameters used in the simulation are as given for telephone A in Table I . The helix is placed at the center position with respect to the axis, and 4 mm from the righthand side with respect to the axis (see the insert of Fig. 3 ). The FDTD grid resolution for this test case, as well as for the other cases presented in the paper, was 1.974
1.974 3 mm in the , , and directions, respectively. Therefore, a stack of six layers, each one composed of four source cells, has been chosen to represent this helix.
IV. RESULTS
As a first comparison with helical antennas typically used for wireless devices, we considered the far fields generated by a cellular telephone. The dimensions of the telephone are given in Table I (telephone B) and the helix is mounted on the right-hand corner on the distal side with respect to the side of the earphone. The telephone has been modeled by a metal box covered with plastic of thickness 1 mm with a dielectric constant . As discussed in [6] , this is scaled to match with the FDTD grid resolution (1.974 1.974 3 mm), which results in an effective dielectric constant . Particular attention has been given to the modeling of the base of the actual helix, which also included a straight metal connection above the box of 2 cm.
The calculated radiation pattern in the -plane has been compared to that provided by the manufacturer and it is shown in Fig. 4 in dBi. Considering the errors introduced by the difficulty of modeling a real contoured telephone in the finest details and also the likely errors in experimental measurements, the agreement between the computed and the measured data is reasonably good.
The near fields for this device have also been measured in our laboratory for three different lines parallel to the axis of the helix in the direction. For the near-field measurements, we have used a stepper motor equipped with an electric field probe (Narda Model 26 089) with a diameter of approximately 4 mm [14] . The comparison in terms of the relative electric fields is within 10%, as shown in Fig. 5 .
The second telephone considered uses, instead, a helixmonopole antenna, and its parameters are given as telephone C in Table I . Consistent with the design of this helical antenna, a straight length of 9 mm of metal wire was used to simulate the actual geometry of this antenna. To model the antenna, the helical section has been placed over the metal stack simulating the straight wire connection with the box and a stack of metal cells has been placed over the cells representing the helix to represent the remaining length of the antenna. The measured and computed relative electric fields along one line parallel to the antenna mm has been plotted in Fig. 6 . As for the first helix, here too, the agreement between measured and computed data is within 10%. The SAR distributions associated with the use of these two telephones (B and C) have also been calculated and compared with the SAR's measured in our laboratory. An MRI-based model of the human head with a resolution of 1.974 1.974 3 mm with 15 tissue types identified has been used for the FDTD computations [6] , while the experimental head model is a realistically shaped heterogeneous model made of a 5-7-mm-thick saline-laced epoxy shell filled with tissuesimulant materials representing four tissue types (brain, ear, eyes, and muscle) [13] . The dielectric properties used for the various tissues are the same as used in [6] . The comparison is summarized in Table II . As can be seen, the agreement between measured and computed results for the peak 1-g SAR is within 15%.
The radiation pattern for the first of the two telephone in presence of the human head, and with a "hand" modeled as 2/3 muscle grasping the telephone on three sides up to one half of the height of the handset is calculated and compared with that obtained in free-space in Fig. 7 . As expected, lower field strengths are calculated in the -plane for directions blocked by the head. A novel method to model helical antennas, and generally antennas involving helical components has been presented. The method uses a series of equivalent electric and magnetic sources to reproduce the fields generated by the helix. This method is relatively simple and the FDTD code requires a few simple modifications to the excitation subroutine. Important to note is that no modification of the FDTD grid resolution to represent the helix is needed and modeling of the helix does not require curved metal wires.
The presented cases show a fairly good agreement between measured and computed data for near-field distributions, farfield radiation patterns, and the SAR deposition in the human head induced by cellular telephones with helical antennas and with helical-monopole antennas that are being increasingly used for commercial cellular telephones. 
